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ABSTRACT 
 
 
Single crystals have been the standard material when it comes to scintillators, but 
with the ability to easily be produced at a considerably lower cost and fabricated into 
tailored sizes and shapes there is increasing interest in the development of glass scintillators 
as an alternative. Ce-doped borosilicate and phosphate glasses were investigated focusing 
on the effect of different modifiers on their optical properties and luminescence. The 
borosilicate glasses were prepared aiming at the detection of thermal neutrons, utilizing B-
10, while the phosphate glasses were targeting the detection of gamma-rays taking 
advantage of high Z elements such as, Ba, Bi, Ta, Pb and W. Structural characteristics 
determined by Raman spectroscopy were coupled with results from photoluminescence 
and UV-visible transmission measurements, while the index of refraction was estimated 
using the Gladstone-Dale relation using experimentally obtained density values. This work 
revealed barium, with its superior optical transmission and luminescent properties, to be 
the best high Z element for inclusion in the phosphate glasses studied.   
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CHAPTER ONE 
INTRODUCTION 
1.1 – Scintillators and the Detection of Ionizing Radiation 
The detection of ionizing radiation dates all the way back to November 8, 1895 when 
Wilhelm Röntgen, who at the time was experimenting with various Crookes tubes, noticed a 
faint glow emitting from a piece of cardboard that was covered in barium platinocyanide 
(BaPt(CN)4)
1,2. What piqued Rontgen’s interest was the tube he was working with was 
covered with a black shield which prevented the passage of any visible light. After observing 
this phenomenon, he immediately began to conduct experiments to determine their origin. 
Once Röntgen verified that the tube itself was the source of these mystic rays he was able to 
determine that many other materials could be penetrated by this radiation which he decided 
to call, X-rays. After studying these new X-rays for six weeks Röntgen took what now has 
become one of the most recognizable pictures in science, an image of his wife’s hand, and 
thus the field of radiography was born. By the end of 1896 gamma rays had been discovered 
by Henry Becquerel and the development of materials to detect these new forms of radiation 
had begun.    
Scintillators are a class of materials that are used in the detection and measurement 
of ionizing radiation and not long after the discovery of x-rays and gamma rays by Röntgen 
and Becquerel the first scintillation materials, calcium tungstate and zinc sulfide, were 
discovered3. It was not until the early 1940’s when the development of the photomultiplier 
tube lead to a period of great study into scintillating materials beginning with thallium doped 
sodium iodide, a scintillator that is still used to this day. Figure 1 shows the development of 
1
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the most important scintillating materials over the course of the 20th century. The 1950s saw 
the development of lithium containing compounds for the detection of neutron which lead to 
the development of the first glass scintillators, cerium doped silicate glasses4–6. Over the next 
few decades there was continual development of new scintillating materials and it was during 
this time that scintillation properties of Bi4Ge3O12 (BGO) were first reported in 1973
7. BGO 
is still one of the most important scintillating materials used to this day. From the 1980s to 
the end of the century there was a large development of new scintillators for use in high 
energy physics experiments and medical imaging which still continues to this day. 
 
Figure 1.1 Development of inorganic scintillators throughout the 20th century3 
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Classified as particulate or electromagnetic radiation which has enough energy to 
remove an electron from an atom, ionizing radiation can interact either directly or indirectly 
with matter8. Directly ionizing radiation is particulate radiation that has a charge, such as 
alpha and beta particles, whereas indirectly ionizing radiation is electrically neutral radiation, 
which includes neutrons and high energy electromagnetic radiation, namely x-ray and 
gamma ray photons.  As the name suggests, direct ionizing radiation corresponds to “fast 
charged particles, which deliver their energy to matter directly, through many small 
Coulomb-force interactions along the particle’s track”8. Indirect ionizing corresponds to “X- 
or -ray photons or neutrons, which first transfer their energy to charged particles in the 
matter through a relatively few large interactions. The resulting fast charged particles then in 
turn deliver the energy to the matter”8. It is then these secondary processes that create directly 
ionizing radiation that can go on to cause multiple ionization events.  
The secondary processes that occur from indirect ionizing radiation depend on the 
type of radiation, neutron or photon, and the energy of the incident radiation. For photons 
the principle interaction mechanisms with matter are the photoelectric effect, the Compton 
effect, and pair production. Figure 1.29 shows the regions where each interaction dominates 
based on the energy of the incoming photon and the atomic number of the material it is 
interacting with. The photoelectric effect is an inelastic collision between a photon and an 
electron which occurs when the incoming photon is of greater energy than the binding energy 
of an electron. Upon this collision the electron will absorb the photon’s energy before being 
ejected from the atom. Compton scattering is also a collision between a photon and an 
electron but, differently from the photoelectric effect, Compton scattering is an elastic 
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collision. The incident photon collides with an electron and imparts some of its energy to the 
electron as the electron scatters. After the collision, the photon will be of a longer wavelength 
due to the loss of energy to the electron. Pair production occurs when a photon interacts with 
the nucleus of an atom with its energy being converted into the emission of an electron and 
a positron. It is important to note that the rest energy of an electron/positron is 0.511 MeV 
so pair production is only possible for photons whose energy is greater than 1.022 MeV.  
 
Figure 1.2 Relative regions of importance for each photointeraction9  
Neutrons will also interact with matter in different ways depending on the energy of the 
incoming neutron. High energy or fast neutrons, E > 0.5 eV, will interact by scattering 
whereas low energy or slow neutrons interact by absorption. Fast neutrons will interact and 
lose energy through collisions, scattering with the material until it becomes a slow or thermal 
neutron (E ≈ 0.025 eV, i.e., room temperature thermal energy) where it will then be captured 
by the nuclei of the material.  The likelihood of the neutron being captured by a nucleus is 
related to the neutron cross section of an atom. Certain elements have higher neutron cross 
sections than others and it is essentially the probability that the neutron will be absorbed by 
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the given nucleus. A table comparing the cross section of different elements can be found in 
Appendix A. Some notable neutron capture processes include: 10B(n,α)7Li and 6Li(n,α)3H. 
The full reactions for these neutron capture processes can be seen in Equations 1.1, 1.2, 
respectively.   
 𝐵 + 𝑛 → 𝐿𝑖 + 𝐻𝑒2
4
3
7
0
1
5
10
 (1.1) 
 𝐿𝑖 + 𝑛 → 𝐻 + 𝐻𝑒2
4
1
3
0
1
3
6   (1.2) 
Equations 1.1 and 1.2 are of special interest to this thesis as these are the processes that are 
utilized in glass scintillators for neutron detection.  
The Merriam-Webster dictionary defines the verb scintillate as 1: to emit sparks: 2: 
to emit quick flashes as if throwing of sparks. Upon the absorption of ionizing radiation, a 
scintillator will convert energy into “quick flashes” of multiple lower energy visible or 
ultraviolet (UV) photons which are created at luminescence centers Figure 1.3. The light 
pulse, which typically lasts on the order of nanoseconds to microseconds, is then detected by 
a photomultiplier tube (PMT) and converted into an electrical signal. The scintillator can be 
either intrinsic or extrinsic. Intrinsic scintillators have naturally occurring luminescence 
centers, BGO for example. Extrinsic scintillators have luminescence centers that have been 
intentionally doped into the material in small quantities to induce luminesce, examples 
include Ce3+ doped materials such as glass and Y3Al5O12 (YAG). 
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Figure 1.3 Simplified schematic of a scintillator 
In order to understand how the scintillation process works in an extrinsic scintillator 
it is important to take note of the band structure of the host. Insulating materials have two 
distinct bands, conduction and valance, wherein electrons can exist. They are separated by a 
forbidden zone where no electron can be found which is known as the band gap. Scintillators, 
which are insulating materials, have a band gap on the order of 5-7 eV and located within 
the band gap are the energy levels of an activator ion or luminescence center, Figure 1.4. 
The underpinning goal of activating a material is to create localized energy levels within the 
band gap to allow for radiative transitions to occur. When a high energy photon interacts 
with a scintillator it imparts its energy to an electron located in the valance band which is 
enough to promote the electron into the conduction band creating an electron hole pair. It is 
important to note that this electron, the so-called photoelectron, has just absorbed energy on 
the order of keV to MeV to overcome its binding energy and an energy gap that is only 
around 5-7 eV so there is a large amount of excess energy. It dissipates this energy by 
colliding with other electrons in the material creating other energetic free electrons that, in 
their turns, can create other energetic free electrons. As a consequence, a collision cascade is 
generated that will ultimately create thousands to tens of thousands of electron-hole pairs 
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from a single incoming photon. As the electrons in the conduction band lose their energy 
though phonon interactions, they thermalize to the bottom of the conduction band 
simultaneously to holes making their way to the top of the valence band. Eventually these 
electron-hole pairs will recombine at the luminescence centers where relatively low energy 
photons will be emitted. The energy of the emitted photon depends mostly on the activator 
ion chosen and it usually optimized for the desired use.    
 
Figure 1.4 Band structure of an extrinsic scintillator 
 
Presently, scintillators are used in a wide variety of fields including diagnostic 
medicine10, high energy physics11, national security, nuclear energy, and well logging12. 
Depending on the application scintillators can be a variety of different materials such as 
single crystals7, polycrystalline ceramics13, glasses4, liquids14, plastics. Presently the 
majority commercial scintillators available on the market are of the single crystalline nature. 
The work presented in this thesis is on the development of glass scintillators  
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1.2 – Glass Scintillators Literature Review 
 The first scintillating glasses, cerium doped borosilicates, were developed in the late 
1950’s4 and there has been a steady research interest since this time. The main interest in the 
development of scintillating glasses was the ease of fabrication over other scintillating 
materials available at the time. The thought was that a good glass forming composition could 
be made into almost any shape and thickness and it could possibly become an integral part 
of the PMT itself. The major reason for the lack of development in glass scintillators is due 
to the lack of scintillation efficiency than compared to that of crystalline scintillators. This is 
a reasonable assumption as glasses, which lack long range order, will not transfer energy 
over long distances as crystals which exhibit long range order. In 1958 Ginther and Schulman 
published one of the first papers on scintillating glasses where they studied silicate, 
borosilicate, and phosphate luminescent glasses doped with either Ce, Sm, Cu, Pb, Eu, Tl, 
U, Sb, Sn, or Mn. They discovered that only the samples doped with cerium showed a 
scintillation pulse and the glass compositions investigated can be seen in Table 1.1 along 
with the pulse height of the signal compared to that of NaI(Tl).  
Table 1.1 Compositions of some of the first scintillating glasses4 
 
No. 
 
Composition (mole ratio) 
Pulse height 
as percent of 
NaI(Tl) 
1  1.0 Na2O  0.03 Ce2O3   3.0 B2O3 1.0 
2  1.0 Na2O  0.03 Ce2O3   4.0 B2O3 2.0 
3  1.0 Na2O  0.03 Ce2O3   4.0 (B2O3 + SiO2) 2.0 
4  1.0 Na2O  0.10 Ce2O3   4.0 (B2O3 + SiO2) 2.5 
5 1.0 Al2O3 1.0 Na2O  0.03 Ce2O3   4.0 (B2O3 + SiO2) 4.0 
6 1.0 Al2O3 1.0 Na2O  0.10 Ce2O3   4.0 (B2O3 + SiO2) 7.0 
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 Following the work of Ginther and Schulman most of the work over the next few 
decades focused on glasses containing boron or lithium doped with cerium for neutron 
detection. In 1960 Ginther improved upon his work from 1958 and published research on a 
lithium, magnesium, aluminum, silicate that had achieved as high as 14% of the pulse height 
of NaI(Tl)5. Then in 1962 Ginther again along with Bollinger and Thomas published a paper 
on neutron detection with glass scintillators that built upon the work by Ginther in 19606. 
The work by Ginther in 1960 and 1962 turned out to be very influential as many other works 
on neutron detection glasses in the following years based their compositions on the lithium, 
magnesium, aluminum, silicate composition studied by Ginther15,16. The biggest influence 
the work by Ginther has had to this day is that the commercial scintillators presently available 
from companies such as St. Gobain are based upon the lithium, magnesium, aluminum, 
silicate composition17. In a series of papers spanning from 1969 to 1978 Spowart discusses 
the neutron scintillating properties of lithium, magnesium, aluminum, silicate glasses with 
similar compositions to the 1960 Ginther study18–22 and it is from this series of papers that 
the compositions for the commercial glass scintillators offered today can be found21. Table 
1.2 lists some of the commercially available scintillators and their compositions as well as 
some notable properties. Over the next decade there was limited innovation in new 
scintillating glasses with the majority of the studies during this time not deviating far from 
the lithium, magnesium, aluminum, silicate composition23–27.   
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Table 1.2 Compositions and properties of commercial available scintillating glasses 
 
Type 
Composition (wt. %) Density 
(g/cc) 
Emission 
(nm) 
Index 
(n) SiO2 MgO Al2O3 Ce2O3 Li2O Li 
Ginther5 50 26 10 1 13 - - - - 
GS217 54-56 24-25 9-13 3.8-4.0 5.1-5.3 2.2-2.3 2.64 395 1.58 
GS2017 57 4 18 4.0 17.1 7.9 2.5 395 1.55 
KG217 75 - - 4.6 20.7 8.9 2.42 395 1.57 
 
 The 1990s into the early 2000s saw a large increase in the diversity of glasses studied 
for their scintillation properties. While there were still many studies which used compositions 
based of the original Ginther 1960 study28,29 there was large increase in the development of 
dense heavy metal fluoride scintillating glasses. Accidently discovered in 197530 the fluoride 
glass ZBLAN (ZrF4-BaF2-LaF3-AlF3-NaF) served as the basis for most of the studies 
conducted during this time. These fluoride glasses were much denser, 6-7 g/cm3 vs 2-3 g/cm3 
in the silicate glasses, and exhibited efficient luminesce31 which are desirable characteristics 
for a scintillator. Many variations of the original ZBLAN compositions have been studied 
and other fluoride compounds such as HfF4 and CeF3 have been studied as well in attempts 
to increase density and induce scintillation32–37. While heavy metal fluoride glasses offer 
excellent density and good luminescent properties they are expensive and difficult to make 
in large quantities in addition to having a very low scintillation light yield38.  
 Although research is still conducted with compositions similar to the lithium, 
magnesium, aluminum, silicate glasses39 and ZBLAN glasses to this day there has been a 
continual interest in the development of new scintillating glasses. Studies have included 
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boron based glasses for neutron detection40, glasses doped with other activators such as 
Pr41,42, Tb43,44, and Eu45. Phosphate glasses have shown interest due to their lower melting 
and processing temperatures than silicate glasses46. More recently high Gd2O3 
concentrations, up to 30%, have been used in glasses to increase the density and have shown 
promising results47. Efficiencies around 30% and a light yield  around 11%  of BGO have 
been reported in some studies48. Despite having been studied for the past 60 years there is 
still a lot of room for innovation in the development of glass scintillators. The most widely 
used glasses scintillators are for neutron detection so it seems that the development is heading 
towards efficient gamma and x-ray detectors. 
1.3 – Motivation 
 The primary motivation for the work presented in this thesis is innovation. Since the 
1950s when the first glass scintillators there has been limited development and expansion on 
the compositions that are utilized today by commercially available glass scintillators. 
Additionally, those that are offered today are limited in use to neutron detection. There are 
no readily available commercial glass scintillators for the detection of x-rays and gamma 
rays, which leads to the secondary motivation of the current work. Presently, single crystals 
are the most widely used scintillation material for the detection x-rays and gamma rays. The 
development of a glass scintillator would offer many advantages over a single crystalline 
material. Namely, ease of fabrication, lower fabrication cost, scalability, and the ability to 
tailor the shape and size. A good glass forming composition can easily be fabricated into any 
desired shape and thickness whereas a single crystal for example, if grown by the Czochralski 
method, would require further machining to get it to the desired size and shape which adds 
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to the cost in production. Furthermore, other areas where glasses offer a significant advantage 
in cost include method of fabrication and size of the material fabricated. Most single crystals 
take about a week to grow from the melt at high temperatures and yield centimeters of 
material. Glasses on the other hand can be melted at considerably lower temperatures and 
yield meters of material in a single day offering significant cost savings. Despite these 
advantages single crystals still dominate as they are significantly brighter than glasses. The 
work presented in this thesis aims to find good glass forming compositions that could serve 
as a suitable replacement for the presently used single crystals.   
  
 13 
CHAPTER TWO 
EXPERIMENTAL PROCEDURE 
2.1 – Fabrication of Glasses 
 Glasses were fabricated in collaboration with Prof. Ugur Akgun with the Physics 
Department of Coe College, Cedar Rapids, IA, according to the procedure described below. 
2.1.1 – Starting Materials 
 Borosilicate Glasses 
o Boric Acid (H3BO3) Sigma-Aldrich, 99.5% 
o Silicon Dioxide (SiO2) Sigma-Aldrich, 99.6% 
o Aluminum Oxide (Al2O3) Brockmann I, Sigma-Aldrich 
o Cerium Chloride (CeCl3) Sigma-Aldrich 99.999% 
o Lithium Carbonate (Li2CO3) Sigma-Aldrich, 99.0% 
o Sodium Carbonate (Na2CO3) Sigma-Aldrich, 99.5% 
 Phosphate Glasses 
o Ammonium Phosphate Dibasic ((NH4)2HPO4) Sigma-Aldrich, 98% 
o Silicon Dioxide (SiO2) Sigma-Aldrich, 99.6% 
o Aluminum Oxide, (Al2O3) Brockmann I, Sigma-Aldrich 
o Cerium Chloride (CeCl3) Acros Organics 99.9% 
o Barium Oxide (BaO) Barium and Chemicals Inc 
o Lead (IV) Oxide (PbO2) Sigma-Aldrich, 99.99% 
o Tungsten (WO3) Sigma-Aldrich 99.9% 
o Bismuth (Bi2O3) Sigma-Aldrich 99.999% 
o Gallium Oxide (Ga2O3) BeanTown Chemical,99.999% 
 
  
 14 
2.1.2 – Batch Calculations 
 All batch calculations in the present study followed the same procedure outlined in  
Introduction to Glass Science and Technology by J. E. Shelby49. An example batch 
calculation from a sample used in this study is shown in Appendix C. This procedure is based 
in weighting the molecular weight of all the individual starting materials in relation to the 
total molecular weight of the glass.  
2.1.3 – Borosilicate Glasses 
The borate glass samples were prepared by the melt quenching method using 
platinum crucibles in air.  Precursor materials as listed above were weighed out in the correct 
molar ratios for each sample according to the batch calculations procedure described in 
Appendix C, about 10g total were used for each batch, then thoroughly mixed for 5 minutes 
to ensure homogeneity of the melt. All samples were first melted at 1000 °C for 15 minutes 
and then allowed to cool. Samples were weighed to compare the experimental weight loss 
with the predicted weight loss during the melt due to the release of volatile species such as 
CO2.   The samples underwent a final melt for 15 minutes at 1000 °C, poured into a graphite 
mold, and were subsequently annealed at 350 °C for one hour to enhance the stability of the 
glasses.  
 
Figure 2.1 Glasses from the borosilicate series 
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2.1.4 – Phosphate Glasses 
The series of phosphate glasses presented in this study followed the same general 
fabrication procedure. Glass samples were prepared by the melt quenching method using 
alumina crucibles in air.  Precursor materials were weighed out in the correct molar ratios 
for each sample according to the batch procedure described in Section 2.1.2, batch sizes 
ranged within 7-25 grams and mixing times for each batch ranged within 5-7 minutes. The 
first series of phosphate glasses were first calcined at 300 °C for 60 minutes followed by an 
additional melt at 1000 °C for 30 minutes in a box furnace located in a fume hood. Samples 
were naturally cooled to room temperature following each melt. In subsequent series of 
phosphate glasses only the later melt was used. Following the melt at 1000°C and cooling to 
room temperature samples were weighed to compare the experimental weight loss to the 
predicted the weight loss due to the release of volatile species during the melt, specifically 
the Cl2 and NH3 species. All samples then underwent a final melt in a high temperature 
furnace for 15 minutes at 1400 °C, poured into a steel mold, and air quenched with natural 
cooling down to room temperature.  
 
 
Figure 2.2 Glasses from the phosphate glass series 
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2.2 – Characterization Techniques 
2.2.1 – Density Measurements 
Density, ρ, is a material property that is defined as the mass divided by the volume. 
This section will discuss the different methods used to determine the densities of the glasses 
presented in this thesis, specifically the Archimedes method and pycnometry.  The theory 
behind how each method is used to determine density will be discussed along with the 
advantages and disadvantages associated with each method. Lastly the experimental 
parameters used for each method will be discussed.   
The Archimedes method for determining density relies on Archimedes principle 
which states that a body submersed in a liquid has an upward buoyant force equal to the 
weight of the fluid that it is displacing. To determine the density of a sample you simply 
measure the weight of the sample in air, Wa, and the weight of the sample in a fluid, Wf were 
measured. Due to Archimedes principle when the sample is weighed in a fluid it will appear 
to weigh less than when it is weighed in air because the buoyant force of the liquid will be 
acting against the force of gravity. By picking an immersion fluid of known density the 
following equation can be used to determine the density of your sample50: 
 𝜌𝑠𝑎𝑚𝑝𝑙𝑒 = 𝜌𝑙𝑖𝑞𝑢𝑖𝑑 (
𝑊𝑎
𝑊𝑎−𝑊𝑓
) (2.1) 
Archimedes method is widely used and it several distinct advantages: 
 No limitation on sample density. 
 No limitation on sample shape.  
 Inexpensive to perform. 
Disadvantages of Archimedes method include: 
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 Weighing sample in fluid can be difficult. Bubbles underneath sample or apparatus 
will result in error in reporting density. 
 Samples must be durable enough to be submersed in a liquid. 
 Density of immersion fluid is often temperature dependent. 
 Not as precise as pycnometry.  
 
Figure 2.3 Archimedes Method Setup 
Density was determined by the Archimedes method using a Universal Specific 
Gravity Kit Produced by Mineralab in conjunction with a Mettler Toledo Electronic Scale, 
Model TLE104E, Figure 2.1.  Deionized (DI) water was chosen as the immersion liquid as 
its density is well known at room temperature, ρ=1.00 g/cc,51 and it is readily available. Each 
sample was weighed a total of 3 times in air and 3 times in DI water. Results were then 
averaged and plugged into Equation 2.1. 
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Pycnometry differs from Archimedes method as it utilizes the ideal gas law and 
changes in pressure to determine volume instead of Archimedes principle and apparent 
changes in weight. Once the volume of the sample is found density can be found by simply 
weighing of the sample. A Pycnometer consists of two chambers, reference and sample, of 
known volume separated by valves Figure 2.2: 
 
Figure 2.4 A schematic of a Pycnometer50 
To begin the experiment all valves are closed and a sample of unknown volume is 
placed into a sample chamber V2.  Valve 1 is then released and the reference chamber fills 
with a gas, usually helium. The pressure is recorded, then valve 2 is released and after the 
system comes to equilibrium the pressure is again noted. Using the two pressure 
measurements and the known volumes of the reference and sample chambers the volume of 
the sample can be determined by rearranging the ideal gas law into the following equation50: 
 𝑉𝑠𝑎𝑚𝑝𝑙𝑒 = 𝑉1(1 − 𝑃1 𝑃2⁄ ) + 𝑉2 (2.2) 
The advantages of pycnometry include: 
 No limit to the density of the sample 
 Inexpensive to perform measurements after initial purchase of a pycnometer 
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 Shape does not matter, able to determine density of powders 
 Can easily perform multiple volume measurements on a sample which allows you to 
have high precision in the density measurement 
Disadvantages include: 
 Bubbles in sample can lead to error in measurements 
 Strong temperature dependence on the pressure, a good temperature controlled 
environment is needed 
 Outgassing of chambers for multiple measurements can be difficult  
 Difficult to accurately measure sample volumes below 0.5 cubic centimeters 
A Quantagchrome Micro-Ultrapycnometer 1000 was used for the Pycnometry 
measurements. Density values reported in this work correspond to the average of multiple 
measurements for each sample. 
2.2.2 – Index of Refraction 
 The index of refraction, n, is a dimensionless number which quantifies how light 
travels through a material. It can be expressed as c/v where c is the speed of light in a vacuum 
and v is the phase velocity of light in a material. Snell’s law, Equation 2.3, relates the indices 
of refraction of two materials to the angle at which light will propagate though the material. 
Snell’s law can be used to calculate the condition for which total internal reflection will occur 
by setting θ2 to 90°. 
 
𝑛1
𝑛2
=
sin 𝜃2
sin 𝜃1
 (2.3) 
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The Gladstone-Dale equation was used to estimate the index of refraction of all 
glasses in the present study.  Not only is it simple to use, only requiring the density and 
composition of the sample, but in previous studies of heavy metal oxide glasses it was shown 
to be a reasonably accurate method of predicting the index of refraction52. The Gladstone-
Dale equation can be seen in Equation 2.4: 
 𝑛 = 1 + 𝜌 ∑ 𝑝𝑖𝑘𝑖 (2.4) 
To calculate the index of refraction the it is necessary to know the density of the material, ρ, 
the weight fraction of each oxide in the material, pi, and the reactive coefficient value, ki, 
associated with each oxide in the material. Table A.3 lists the reactive coefficient values for 
every oxide material used in the study. A sample calculation for the index of refraction using 
the Gladstone-Dale equation can be found in Appendix C. 
2.2.3 – Raman Spectroscopy 
Raman spectroscopy is a technique that utilizes inelastic scattering to study the 
structure of a material by analyzing the modes of vibration of bonds. Every structural unit 
(i.e., tetrahedron, octahedron, etc.) has unique vibrational energy states that make up its 
bonding structure. Knowing the energy at which these bonds vibrate it is possible to 
determine which bonds are present in a material. Raman spectroscopy does this by irradiating 
with monochromatic light and then detecting the frequency of the scattered light after it 
interacts with the vibrating atoms of the material. It is important to note that that what is 
observed is the Raman shift or change in energy from the excitation energy and the frequency 
  
 21 
should be displayed as Δ cm-1 but is usually just expressed as cm-1. A typical Raman spectrum 
can be seen in Figure 2.5. 
Measurements were carried out using a JASCO NRS Imaging Raman spectrometer 
using the 488 nm line of an argon ion laser with 50 mW of power. Data was collected from 
200 cm-1 to 1800 cm-1 for all samples.  
 
Figure 2.5 Raman Spectra of phosphate glass sample Ba #2 
2.2.4 – UV-Visible Optical Spectroscopy 
UV-visible spectroscopy is used to determine in which regions of the spectrum the 
material absorbs and in which regions it transmits light.  The absorbance of light in a material 
is given by the following equation: 
 𝐴 = log10
𝐼0
𝐼
 (2.5) 
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Where I0 is the initial intensity of light and I is the intensity of light after it has passed through 
the material. This absorbance is measured as a function of wavelength by the UV-visible 
spectrometer. Alternatively, the data can be looked at in terms of transmittance which is 
simply the ratio of I/I0. The setup for the UV-Visible Spectrometer used in the study can be 
seen in Figure 2.3. Light of intensity I0 comes from the left and passes simultaneously through 
a sample stage(a) and a reference stage(b). The light is then detected on the right hand side 
where the intensities of the light that passed through the reference stage and sample stage are 
recorded as I0 and I respectively. The ratio I/I0 is then plotted as a function of wavelength, a 
typical spectrum can be seen in Figure 2.4.  
In this study the Optical transmission spectra were collected using Perkin Elmer 
Lambda 950 UV/Vis/NIR spectrometer, Figure 2.3, from 200-1000 nm range with a step 
size of 1nm. Each sample was measured multiple times as to mitigate the effect of the 
geometry of the sample affecting the data collected.  
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Figure 2.6 A typical UV-visible transmission spectrum of phosphate glass Ba #1  
 
 
 
Figure 2.7 UV-Visible Spectrometer Setup from a Perkin Elmer Lambda 950 UV/Vis/NIR 
Spectrometer 
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2.2.5 – Photoluminescence Spectroscopy 
 Luminescence is the emission of light by a material that is not due to blackbody 
radiation. This property can be either intrinsic or extrinsic to the materials and can occur in 
a number of different ways, depending on the excitation source, Table A.3 lists several 
examples. Photoluminescence, luminescence due to the absorption of UV or visible photons 
and can be broken down into two subsets, fluorescence and phosphorescence. Fluorescence 
is the fast conversion of the absorbed photon into light, nanoseconds to microseconds, 
whereas phosphorescence is the slow conversion which can take anywhere from milliseconds 
to days for the absorbed photon to be reemitted as light.  This study focuses on extrinsic 
fluorescence due to the intentional doping of rare earth ions into the material.  
 As seen in Figure 1.4 the emission of light from an activator ion in a scintillator is 
due to the relaxation of an electron from an excited state to the ground state which resides 
within the band gap of the material. Rare earth elements are often used as the activator ion 
as they luminesce in their trivalent (e.g., Ce3+, Tb3+) or divalent state (e.g., Eu2+) and have 
been studied in great detail. The ground states and excited states of the trivalent rare earth 
ions have been summarized in detail by G. H. Dieke in what is commonly referred to as the 
Dieke diagram, excerpt seen in Figure 2.8 and the full diagram seen in Figure B.1. The Dieke 
diagram can be used to determine from which excited states, noted by a semi-circle, where a 
luminescent transition originates from as well as the energy of the expected transition.  States 
not marked by a semicircle will undergo nonradiative transitions to lower energy states, 
through the creation of phonons, until possibly reaching a state where luminescence is 
expected from. It is important to note that at room temperature the majority of electrons 
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found in the lowest energy state, thus promotion to excited will primarily occur from this 
state Figure 2.5. Alternatively, emission can occur to an intermediate state or to the ground 
state and any remaining energy will be released through nonradiative transitions to the lowest 
energy state. Photoluminescence spectroscopy works by discretely monitoring the excitation 
and emission bands of the sample.  
 
 
Figure 2.8 Excerpt from the Dieke diagram53 
Photoluminescence (PL) spectra were obtained using a Jobin Yvon Horiba Fluorolog 
3 spectrophotometer equipped with double monochrometers for both excitation and 
detection, and a 450 W xenon arc lamp as the excitation source.  Samples were placed in the 
sample holder at an angle of 15° with the instrument set to the front facing alignment. All 
  
 26 
measurements were carried out with excitation and detection spectral resolution of 1 nm. 
Spectra were not corrected for the spectral response of the system. 
 
Figure 2.9 Typical photoluminescence spectra of phosphate glass Ba #3 
 
Figure 2.10 Photoluminescence sample stage set to 15° 
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Figure 2.11 Jobin Yvon Horiba Fluorolog 3 spectrophotometer 
 
2.2.6 – Radioluminescence Spectroscopy 
 Radioluminescence occurs due to the excitation by high energy X-ray 
photons, compared to low energy UV and visible photons in photoluminescence. Because of 
this, radioluminescence is commonly used as a surrogate for scintillation measurements. 
Importantly, instead of discretely exciting to a specific state to induce certain emission 
spectra the material is imparted with so much energy that emission spectra will contain peaks 
from all states of the activator ion in addition to luminescent defects within the material. 
Figure 2.12 shows a typical radioluminescence emission spectrum. Two emission peaks can 
be seen in the spectrum, one due to the emission from the activation ion and one due to a 
defect within the material. The spikes seen in the spectra are due to the interaction of cosmic 
background radiation directly with the CCD detector. When analyzing radioluminescence 
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spectra these sharp peaks are removed. The system is limited to detecting emissions within 
~300 nm to ~750 nm due to detector efficiency.  
The radioluminescence spectra were obtained using a custom-designed Lexsyg 
research spectrofluorometer by Freiburg Instruments (Figure 2.13a).  A Varian Medical 
Systems VF-50J X-ray tube with a tungsten target is used to generate X-rays and can be 
operated from 10 to 45 kV with a current up to 1mA and utilizes an Andor Technology 
DU920-BU Newton CCD camera which is operated at a temperature of -80 °C to detect the 
light emitted from samples. For these measurements all samples were powderized using a 
mortar and pestle to fill ~8 mm diameter cups (Figure 2.13b) thus allowing relative intensity 
comparison between different samples. Spectra were not corrected for the spectral sensitivity 
of the system. 
 
Figure 2.12 A typical radioluminescence spectra of a phosphate glass Ba #3 
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Figure 2.13 Lexsyg research spectrofluorometer by Freiburg Instruments 
 
a 
b 
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CHAPTER THREE 
RESULTS AND DISCUSSION 
3.1 – Borate Glasses 
While extensive investigation of Ce3+ luminescence in glasses has been carried out, 
Ce-doped borosilicate glasses received limited attention with research focused on glass 
compositions with low B2O3:SiO2 ratios, from about 0.09:1 to 1.8:1
47,54–57. 
Luminescent materials containing boron have potential for thermal neutron 
scintillators due to the high absorption cross section of 10B combined with its naturally large 
isotopic abundance of 19.9%58. Borate-containing glasses are natural candidates for thermal 
neutron scintillators due to the large amounts of boron6,40,59,60. Further, the composition of 
the glasses can be made exclusively with chemical elements with low atomic numbers to 
suppress gamma-ray absorption since neutron activity is always found concomitant to 
gamma activity. Nevertheless, Ce-activated glasses with high B2O3:SiO2 ratios have not been 
investigated, and this work aims at bridging this gap through the fabrication and investigation 
of borosilicate glasses with high B2O3:SiO2 ratios, from 4.83:1 to 8.75:1.  
As discussed earlier, this work focuses on the investigation of borate-rich borosilicate 
glasses, with all glasses being composed of 70 mol% B2O3, 1 mol% Al2O3, SiO2 varying 
from 8 to 14.5 mol%, Li2O from 12 to 20 mol%, and Ce2O3 from 0.2 to 5 mol% such the 
summation of all components adds up to 100 mol%. In glass #2, Na2O is fully substituted for 
20 mol% Li2O. The high borate concentration and the relative small variation of the 
composition reflected in the relatively low and narrow range of densities obtained, from 2.12 
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to 2.31 g/cm3 (cf. Table 3.1). These values are in overall agreement with the density of other 
borosilicate glasses6,59.  
Table 3.1 Compositions of borosilicate glasses studied 
 
The structure of borate glass consists of 3-coordinated B2O3 forming boroxol rings 
interconnected by B-O-B bridges. Accordingly, Raman spectra of borate glasses are 
dominated by a narrow peak at 806 cm-1 assigned to the symmetric breathing mode of oxygen 
ions within these rings61. In addition to that, Raman spectra contain a variety of other less 
intense bands originated from different B-O units, including a band at about 1260 cm-1 
assigned to a transverse optical mode from delocalized B-O stretching involving both the 
boroxol ring and contributions from the continuous random network62,63. It is noted that the 
major constituent of the glasses investigated in this work is B2O3 (70 mol%) combined with 
Li2O (from 12 to 20.8 mol%, with the exception of glass #2) and SiO2 (from 8 to 14.5 mol%). 
The composition of the glasses is such that Li2O + SiO2 compounds to 24-28.8 mol% total. 
The incorporation of alkali oxides in borate glasses is known to alter the network, disrupting 
the boroxol rings64. The ratio of 4-coordinated boron to 3-coordinated boron increases for 
higher alkali oxide:B2O3 ratios through the formation of BO4
- units with an adjacent alkali 
Glass # B2O3:SiO2  Composition (mol%) Density 
(g/cm3) 
THR  
(nm) 
n  
 B2O3  SiO2  Li2O  Na2O  Al2O3  Ce2O3    
2 8.75 70 8 - 20 1 1 2.25 367 1.47 
6 5.83 70 12 12 - 1 5 2.31 435 1.48 
14 5 70 14 13 - 1 2 2.18 404 1.47 
9 4.83 70 14.5 13.75 - 1 0.75 2.12 379 1.47 
10 5 70 14 14 - 1 1 2.14 326 1.47 
1 8.75 70 8 20 - 1 1 2.22 378 1.50 
11 8.75 70 8 20.8 - 1 0.2 2.25 314 1.49 
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ion for charge balance65. In terms of Raman measurements, these changes are manifested by 
the appearance of a Raman peak at 780 cm-1 at the expense of the 806 cm-1 peak64. The 780 
cm-1 peak has been attributed to six-membered rings containing both planar BO3 and BO4 
tetrahedra units66,67. In xLi2O(1-x)B2O3 glasses, the 806 cm-1 has been reported to disappear 
for x ~ 0.2-0.2565,68. In alkali borate glasses, the presence of diborate groups is manifested 
by a band around 1100 cm-1 in Raman spectra66. On the other hand, binary borosilicate 
glasses still present boroxol rings (806 cm-1 Raman band) even with the incorporation of up 
to 60 mol% SiO2
69, while a band at 475 cm-1 increases relative to the 806 cm-1 for increasing 
SiO2 contents. This band has been assigned to bending or rocking of B-O-B, B-O-Si, and Si-
O-Si bridging bonds69. Moreover, the addition of SiO2 alters the bands related to B-O 
stretching in the 1250-1500 cm-1 region, leading to the appearance of two bands due to Si-O 
stretching within 1000-1200 cm-1[69]. In the case of borosilicate glasses with 15 mol% SiO2 
and 10 or 20 mol% Li2O, the presence of boroxol rings, tetraborate, diborate, and SiO4 
tetrahedra groups with four bridging oxygen ions have been identified, with the band at 475 
cm-1 shifting to higher wavenumbers for higher Li2O contents and the band at 810 cm
-1 
disappearing for the glass with 20 mol% Li2O
70. 
Raman scattering measurements were used to gain insight into the atomic arrangement 
of the glasses. These results are presented in Figure 3.1 where spectra were shifted vertically 
to enhance visual clarity. The spectra are organized top-down for decreasing Li2O content, 
from 20.8 to 12 mol%, and overall for increasing Si2O content, with the first two top spectra 
with 8 mol% SiO2, and the following spectra with 12-14.5 mol% SiO2. The spectrum at the 
bottom has 20 mol% of Na2O instead of Li2O. All the spectra are similar and are dominated 
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by a large band peaked at about 1280 cm-1. This band is resultant from the convolution of 
several bands and, in most cases, present shoulders centered at about 1130, 1470, and 1630 
cm-1. Broad intense Raman bands are observed around ~1000-1300 cm-1 in binary alkali 
silicate glasses71, and within ~1200-1600 cm-1 and possibly higher wavenumbers for binary 
alkali borate glasses64,65,68. It seems the broad band observed within ~1100-1800 cm-1 in this 
work corresponds to the superposition of all these contributions. The dominating feature 
peaked at about 1280 cm-1 is assigned to delocalized B-O stretching within the boroxol ring 
and contributions from the continuous random network62,63 while the band centered at about 
1130 cm-1 is assigned to diborate groups66 together with contributions from Si-O stretching 
which occur within 1000-1200 cm-1[69]. Also, a band at around 1465-1495 cm-1 has been 
assigned to B-O vibrations in Na2OSiO2B2O3 glasses with its position depending on the 
specific composition52. The position of this band is in general agreement with the shoulder 
observed at about 1470 cm-1 and reinforces the fact that vibrational modes above ~1200 cm-
1 are related to the boron network. Additional bands are observed at 781 and 806 cm-1, though 
for glasses #2, 11, and 14 the later band is manifested through the asymmetry of the 781 cm-
1 band. The assignment of these bands is as described above and the results are in agreement 
with similar Li2O borosilicate glasses
70. The band at about 490 cm-1 is originated in bridging 
bonds B-O-B, B-O-Si, and Si-O-Si that compose the three-dimensional network. In some 
glasses, a weak broad band centered at about 300 cm-1 is also observed, though the unknown 
nature of this band hindered further analysis.  
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Figure 3.1 Raman spectra of the borosilicate glass series, sample numbers  
given in Table 3.1 
 
Glasses were also characterized in their optical properties, with particular attention to 
the transmission in the UV-blue region of the spectrum as determined by the transmission 
threshold wavelength since it strongly affects Ce3+ luminescence from the glasses. These 
results are presented in Figure 3.2, while the transparency threshold wavelength is presented 
in Table 3.1. The threshold value depends strongly on the composition, ranging from 314 to 
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435 nm. Overall for the Li2O borosilicate glasses, it can be seen that the Ce content controls 
the threshold wavelength value, with the threshold wavelength value increasing from for 
higher Ce contents: from 314 nm for 0.2 mol% to 404 and 435 nm for 2 and 5 mol%, 
respectively. Similar results were reported from Ce-doped binary Li2OB2O3 glasses 
prepared within a large range of compositions40. The substitution of Na2O for Li2O has a 
minor effect only, slightly improving UV transparency (glasses #1 and 2).  
 
Figure 3.2 Optical transmission spectra of the borosilicate glass series 
 
The index of refraction was estimated using the Gladstone-Dale equation. In addition 
to the simplicity, previous work on heavy metal oxide glasses showed this approach to be 
reasonably accurate52. These results are presented in Table 3.1, where it can be seen that the 
index of refraction values are relatively low and within a narrow range, from 1.47 to 1.50, in 
agreement with the relatively small compositional variation among the samples that are 
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dominated (70 mol%) by B2O3. These values are in overall agreement with previously 
obtained index of refraction values for binary borosilicate72 and Li2Oborate59 glasses.  
 Luminescence was investigated under X-ray (RL) and UV (PL) excitation. Figure 
3.3 summarizes the RL results (black line), together with the best fit of each spectrum (red 
line) and the individual Gaussian bands (green line) used in the fitting. All spectra could be 
fit with three Gaussian bands, with the exception of glass #1 where only two bands were 
needed to obtain a high quality fitting. The peak position of each Gaussian band is also 
included in the figure. The nature of these bands was interpreted based, in part, on results 
available in the literature for undoped silica and quartz73,74. Luminescence from 
substitutional Fe3+ impurity in quartz has been reported at 1.75 eV74 and is expected to be in 
a similar position in silica. The bands within 1.75-1.82 eV from glasses #1, 2 and 14 were 
assigned to this impurity. It is noted that the band peaked at 1.64 eV from glass #9 is mounted 
on a relatively strong background and its peak is not clearly defined. Consequently, there is 
higher uncertainty in the determination of the peak position. This band is, thus, tentatively 
assigned to Fe3+ impurities. Non-bridging oxygen hole center (NBOHC) in silica luminesces 
at 1.85-1.95 eV73 matching the bands peaked within 1.85-1.91 eV from glasses #6, 10 and 
11. Multiple emission bands in undoped and Ce-doped silica have been reported within about 
2.70 to 3.61 eV75. Also, in a 8%B2O392%SiO2 glass Ce3+ emission was reported at 3.02 
eV55, and in a 40%Li2O40%B2O320%SiO2 glass it varied from 3.15 to 3.40 eV as the Ce 
content increased from 0.1 to 2 mol%76, in agreement with the fact that Ce3+ luminescence 
varies depending on its local environment77. The bands peaked within 2.69-2.77 eV from 
glasses #2, 6, 10 and 11 are in agreement with the emission of Ce3+ incorporated in silica75,78, 
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but they are also in agreement with the emission of oxygen vacancy (dicoordinated silicon) 
in silica reported to luminesce at 2.7-2.8 eV73. Glasses #1, 2, 6, 9, and 14 present an emission 
band within 2.93-3.33 eV in agreement with an emission band at about 3.1 eV attributed to 
Ce3+ in amorphous clusters of cerium oxide78 due to Ce aggregation. The emission of Ce3+ 
ions that are not fully incorporated into the silica network, commonly found in glasses treated 
at temperatures below about 450 oC as in the case of this work, has been associated to an 
emission band within about 3.47-3.54 eV75,79–81, and is tentatively assigned as the origin of 
the bands within 3.51-3.64 eV from glasses #9, 10, 11, and 14. This is in agreement with the 
reported Ce3+ emission from a 25%Na2O75% B2O3 glass at 3.44 eV noting that the glass in 
this work was treated at around 450 oC82. However, the possible contribution of an intrinsic 
emission of the silica host at around 3.60 eV81 cannot be ruled out.  
 The combined optical characteristics suggest glass #10 as the best due to its superior 
UV transparency and considerably brighter luminescence. Further investigation of the 
luminescence of this glass was carried out by means of PL measurements shown in Figure 
3.4.  
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Figure 3.3 Radioluminescence spectra of borosilicate glasses 
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Figure 3.4 Photoluminescence spectra of the borosilicate glass series 
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3.2 – Phosphate Glasses 
While the borosilicate glass study offered interesting data that had not been seen in 
the literature before, the glasses exhibited many undesirable characteristics, λthr and 
hygroscopicity, which left no clear path forward with them. Going forward the main goal of 
our next series of glasses was to develop glasses that were transparent to the emission of 
Ce3+.  Work by Pantano, et al., on the absorption edge of single oxide glasses, Figure 3.5, 
and Bei, et al., on the optical properties of cerium doped glasses, Figure 3.6, both showed 
that P2O5 exhibited the lowest UV absorption edge of all the oxide glass formers
83,84. Further, 
literature review showed that significantly less research was carried on the luminescence of 
Ce3+ in phosphate glasses than in borate and silicate glasses. These served as the motivating 
factors to shift our research away from borosilicate to phosphate glasses. 
 Figure 
3.5 Absorption edge of single oxide glasses83 
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Figure 3.6 Transmission spectra of Ce-doped oxide glasses84 
Unlike boron, phosphorous does not have the potential for use as a thermal neutron 
scintillator due to the very low absorption cross section, Table A.1. Therefore, it was natural 
to instead focus the phosphate glasses on the detection of gamma and X-rays. This can be 
done by including high atomic number elements in the composition of the glasses to promote 
gamma-ray/X-ray absorption. While dense Ce-activated phosphate glasses have been 
investigated, most of the work has been focused on the addition of Gd2O3 to increase the 
density of the glasses46. 
As discussed earlier, this work focuses on the investigation of phosphate glasses, with 
all glasses being composed of either 50 or 60 mol% P2O5, 15 mol% Al2O3, SiO2 varying 
from 5 to 25 mol%, Ce2O3 from 1 to 6 mol%, and a heavy metal HM (HM=Ba, Bi, Pb, Ta, 
  
 42 
or W) from 4 to 19 mol%, such the summation of all components adds up to 100 mol%. In 
glasses Ga #1-4, Ga2O3 fully substituted for 15 mol% Al2O3. The glasses in this work were 
fabricated in a series of collections with the knowledge gained from each collection being 
used to optimize the next collection of glasses. The first collection of glasses, which focused 
on optimizing the heavy metal used in the glass, can be seen in Table 3.2 and Figure 3.7. 
The results from the first collection lead us to choose barium as the heavy metal for all further 
collections of glasses. While other heavy metals offered greater density, barium offered 
easiest forming glasses with the best optical properties. The second collection of glasses 
studied which focused on optimizing the cerium content can be seen in Table 3.3. In the third 
and final collection of glasses a substitution of Ga2O3 for Al2O3 was attempted to increase 
the density of the glasses. The compositions and properties of all glasses studied can be seen 
summarized in Table 3.4. Overall the densities of the glasses were seen to depend most on 
heavy metal used and how much was present in the glass. With the addition of the heavy 
metals to the glasses the measured densities were higher than similar cerium 
aluminosilicophosphate glasses reported in the literature83. 
Table 3.2 Compositions of phosphate glasses 
Sample # 3 2 4 1 
Al 15 15 15 15 
Ce 1 1 1 1 
Ba, Bi, Pb, W, Ta 9 9 19 19 
P 50 60 50 60 
Si 25 15 15 5 
Total 100 100 100 100 
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Figure 3.7 Phosphate Glass series 
 
Table 3.3 Compositions of increased Cerium content glasses 
Sample # Ba 3A Ba 3B Ba 1A Ba 1B 
Al 15 15 15 15 
Ce 3 6 3 6 
Ba 7 4 17 14 
P 50 50 60 60 
Si 25 25 5 5 
Total 100 100 100 100 
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Table 3.4 Properties of phosphate glasses studied 
 
 
 
 
Glass 
ID# 
Composition (mol%) Density 
(g/cm3) 
THR  
(nm) 
n  Glass 
(Y/N) 
P2O5  SiO2  Al2O3  Ga2O3 HM* Ce2O3     
Ba #1  60 5 15 - 19 1 2.88 314 1.48 Y 
Ba #1A 60 5 15 - 17 3 2.99 337 1.49 Y 
Ba #1B 60 5 15 - 14 6 3.02 349 1.50 Y 
Ba #2 60 15 15 - 9 1 2.82 317 1.49 Y 
Ba #3 50 25 15 - 9 1 2.65 318 1.47 Y 
Ba #3A 50 25 15 - 7 3 2.71 328 1.48 Y 
Ba #3B 50 25 15 - 4 6 2.72 343 1.48 Y 
Ba #4 50 15 15 - 19 1 2.82 318 1.47 Y 
Ga #1 60 5 - 15 19 1 3.56 - 1.58 Y 
Ga #2 60 15 - 15 9 1 3.17 320 1.54 Y 
Ga #3 50 25 - 15 9 1 - - - N 
Ga #4 50 15 - 15 19 1 - - - N 
Pb #1 60 5 15 - 19 1 4.45 332 1.75 Y 
Pb #2 60 15 15 - 9 1 3.50 318 1.62 Y 
Pb #3 50 25 15 - 9 1 3.50 316 1.62 Y 
Pb #4 50 15 15 - 19 1 - - - N 
Bi #1 60 5 15 - 19 1 3.82 570 1.64 Y 
Bi #2 60 15 15 - 9 1 3.18 >700 1.56 Y 
Bi #3 50 25 15 - 9 1 3.87 >700 1.68 Y 
Bi #4 50 15 15 - 19 1 3.18 >700 1.54 Y 
W #1 60 5 15 - 19 1 2.95 >700 1.55 Y 
W #2 60 15 15 - 9 1 3.26 >700 1.58 Y 
W #3 50 25 15 - 9 1 2.87 >700 1.52 Y 
W #4 50 15 15 - 19 1 3.22 >700 1.56 Y 
Ta #1 60 5 15 - 19 1 - - - N 
Ta #2 60 15 15 - 9 1 - - - N 
Ta #3 50 25 15 - 9 1 - - - N 
Ta #4 50 15 15 - 19 1 - - - N 
*HM= (BaO, PbO, Bi2O3, WO3, Ta2O5) as noted by Glass ID 
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The structure of phosphate glass consists of a two dimensional network that is made 
up of a P2O5 tetrahedral building block interconnected by P-O-P bridges. To balance the 
charge in the tetrahedron one of oxygens forms a double bond with the P5+ ion, leaving three 
bridging oxygens to form the network49. Accordingly, Raman spectra of phosphate glasses 
are divided into two regions which correspond to the bridging oxygen stretching modes and 
terminal P-O stretching vibrations which occur at ~700 cm-1 and ~1200 cm-1 respectively. In 
addition to that, Raman spectra contain a variety of other less intense bands originated from 
different P-O units, including a band at about 1320 cm-1 assigned to the P=O bond stretching 
mode. It is noted that the major constituent of the glasses investigated in this work is P2O5 
(50 or 60 mol%) combined with Al2O3 (15 mol%) and SiO2 (from 5 to 25 mol%). The 
composition of the glasses is such that there is constant P2O5 + Al2O3 + SiO2 of 70 mol% 
with the remaining 30% consisting of some combination of either additional P2O5 or SiO2 + 
heavy metal added into the network. In terms of Raman measurements, these changes are 
manifested by the appearance of new peaks and the change in the relative intensity of 
multiple Raman peaks when comparing the spectra of the glasses. Most notably, it can be 
seen as the SiO2 content is decreased the ratio between the intensity of the Raman peak at 
~700 cm-1 to the shoulder at ~740 cm-1 increases.  This band can be assigned to the P-O-P 
bending and it has previously been shown in the literature to shift to higher wave numbers 
as SiO2 content is increased
85. Additionally, as the SiO2 content is decreased it can be seen 
that the peak ~1200 cm-1 begins to become more defined. When comparing the glasses with 
different heavy metals it is noted that there is the appearance of a Raman peak at 339 cm-1 in 
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the lead glasses as well as a significant increase in intensity, as well as a downshift in the 
frequency of the Raman peak at ~1100-1200 cm-1.   
Raman scattering measurements were used to gain insight into the atomic arrangement 
of the glasses. These results are presented in Figure 3.8 where spectra were shifted vertically 
to enhance visual clarity. The spectra are organized by heavy metal, with the top three spectra 
containing lead and the rest containing barium. Additionally, they are organized top-down 
for decreasing SiO2 content, from 25 to 5 mol%. All the spectra are similar and are dominated 
by a large band between 1000-1200 cm-1. This large band is the convolution of multiple 
bands that can be ascribed to structures such as P-O-P symmetrical stretching86, ~1180 cm-
1. Other bands that make up the spectra include the asymmetrical stretching mode86 and 
stretching vibrations87 the of the O=P double bond which occur at ~1260 cm-1 and ~1320 cm-
1 respectively.  
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Figure 3.8 Raman spectra of lead and barium phosphate glasses 
The optical properties of the phosphate glasses were also characterized with 
particular attention to the transmission in the UV-blue region of the spectrum as determined 
by the transmission threshold wavelength, as this strongly affects the output of Ce3+ 
luminescence from the glasses. These results are presented in Figure 3.10 and Figure 3.11, 
while the transparency threshold wavelength is presented in Table 3.4. The threshold value 
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depends on the composition, ranging from 314 to λTHR >700 nm. Overall for the phosphate 
glasses, it can be seen that the main factors that control the threshold value are the nature of 
the heavy metal used and Ce content. Barium was determined to have the best threshold 
wavelength at 314 nm followed by lead at 316 nm, and then bismuth at 570 nm, tungsten 
glasses show no transmission in the visible region of the electromagnetic spectrum. Much 
like the borosilicate glasses, increasing to higher Ce contents an increase in the threshold 
wavelength was observed: from 314 nm for 1 mol% to 337 and 349nm for 3 and 6 mol%, 
respectively. Similar results were reported from Ce-doped phosphate glasses prepared within 
a large range of compositions88. The substitution of Ga2O3 for Al2O3 has a minor effect only, 
slightly decreasing UV transparency (glasses Ba #2 and Ga #2).  
 
 
Figure 3.9 Transmission of Phosphate glasses 
  
 49 
 
Figure 3.10 Transmission of bismuth phosphate glass 
 
The index of refraction was estimated using the Gladstone-Dale equation. In addition 
to the simplicity, previous work on heavy metal oxide glasses showed this approach to be 
reasonably accurate52. These results are presented in Table 3.4, where it can be seen that the 
index of refraction values vary within a narrow range depending on the heavy metal present 
in the sample. This is in agreement with the relatively small compositional variation among 
the samples where 75 mol% of the composition is held constant. These values are in overall 
agreement with previously obtained index of refraction values for Al2O3-SiO2-P2O5 
glasses83. 
Luminescence was investigated under X-ray (RL) and UV (PL) excitation. Figure 
3.12 summarizes the RL results of the barium series (black line), together with the best fit of 
each spectrum (red line) and the individual Gaussian bands (green line) used in the fitting. 
All spectra could be fit with three Gaussian bands to obtain a high quality fitting with one 
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Gaussian fitting the peak around 1.8 eV and two fitting the peak around 3.5 eV. The peak 
position of each Gaussian band is also included in the figure. The nature of these bands was 
interpreted based, in part, on results available in the literature for undoped silica and 
quartz73,74. Luminescence from substitutional Fe3+ impurity in quartz has been reported at 
1.75 eV74 and is expected to be in a similar position in silica. The bands within 1.71-1.76 eV 
from glasses #1A, #1B, #3A, #3B were assigned to this impurity. Consequently, there is 
higher uncertainty in the determination of the peak position. This band is, thus, tentatively 
assigned to Fe3+ impurities. Non-bridging oxygen hole center (NBOHC) in silica luminesces 
at 1.85-1.95 eV73 matching the bands peaked within 1.84eV from glasses #1, 2 and 3. In all 
glass samples the peak around 3.5 eV could be assigned to the luminescence of Ce3+. This 
peak position matched well with spectra from photoluminescence measurements and in 
samples #1, 2, and 3 the fitting yielded a ΔE ~0.22 eV which matches the expected 4f spin 
orbit splitting of ~0.25 eV although, in samples #1A, 1B, 3A, and 3B this is not the case. 
Presently the origin of this shift is unknown but a possible explanation is we are seeing the 
emission of Ce3+ from two different sites within the glass as we increase the cerium content. 
It has been reported in the literature that Ce3+ in a silicate glass emits at a longer wavelength 
than in a phosphate glass84. 
Figure 3.13 summarizes the results of the RL results from the lead series. All RL 
spectra from the lead phosphate glasses yielded little to no information on the nature of the 
luminescence. The spectra were of much weaker intensity than the barium glass series and 
the could not be easily deconvolved for identification.  
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Figure 3.12 Radioluminescence of the barium-phosphate glasses 
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Figure 3.13 Radioluminescence of the lead-phosphate series 
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Further investigation of the luminescence of the barium phosphate glasses were 
carried out by means of photoluminescence measurements shown in Figure 3.14-16. PL of 
the barium and lead series excitation results (black line), and emission results (blue line), 
together with the best fit of each spectrum (red line) and the individual Gaussian bands (green 
line) used in the fitting. All spectra could be fit with three Gaussian bands to obtain a high 
quality fitting. In the barium phosphate glass series there were only subtle differences in the 
PL spectra, which was not surprising considering that there were only slight variations in the 
compositions of the glasses. Once again in the increased cerium content glasses we see a red 
shift in the emission wavelength as we increase the cerium content of the glass. Presently the 
cause of this is still unknown but as mentioned previously a possible explanation could be 
the luminescence of Ce3+ from two different sites in the glass (phosphorous and silica 
centers). In the lead phosphate glass series unusual luminescence behavior was observed. A 
sharp excitation band was present ~4.6 eV and the origin of this band is still unknown. Our 
most educated guess is that it is originates from the lead as this band is not seen in any of the 
other glasses. These results coupled with the RL results eliminated lead as a suitable 
candidate for use going forward so it is not necessary to determine the origin of this band for 
this work.  
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Figure 3.14 Photoluminescence of barium phosphate glasses 
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Figure 3.15 Photoluminescence spectra of the increased cerium content glasses 
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Figure 3.15 Photoluminescence spectra of lead phosphate glasses 
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CHAPTER FOUR 
SUMMARY, CONCLUSIONS, AND FUTURE WORK 
 Two series of cerium doped glasses were successfully fabricated and characterized. 
Raman spectroscopy and density measurements were used to characterize the physical 
properties of the glass samples while optical (transmission) spectroscopy, 
Photoluminescence spectroscopy, and Radioluminescence spectroscopy were used to 
characterize their optical properties. 
 The luminescence properties of cerium doped high boron content borosilicate glasses 
was carried out. This work filled a gap in the literature as previous studies had focused on 
high silica content glasses. To the best of our knowledge the radioluminescence 
measurements conducted on the borosilicate glasses are some of the first reported in 
literature.   
 Characterization of the physical and optical properties of cerium doped heavy metal 
phosphate glasses were carried out. Our results indicated that barium was the best heavy 
metal to incorporate into the glasses to increase the density while maintain the desired optical 
properties. While the inclusion of lead resulted in a denser glass with good optical 
transmission they exhibited undesirable luminescence properties. Bismuth and tungsten 
resulted in the formation of black glasses that do not transmit in the UV wavelengths and 
when tantalum was use no glass formation was possible. Further investigation into the barium 
phosphate glasses showed that density of the glasses could be increased by substituting 
Ga2O3 for Al2O3 without sacrificing the desired optical/luminescence properties. 
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 Future work would concentrate on the barium phosphate glasses and would include 
further optimization of the composition as well the fabrication of undoped samples. In the 
present study the amount of Al2O3 has been held constant and effect of changing 
concentration has yet to be studied. Additionally, the substitution of Ga2O3 for Al2O3 to 
increase the density has shown promising results, albeit at the expenses of glass forming 
ability, moving forward this is an area that could be further optimized.  Lastly, any future 
studies should involve the synthesis of undoped glass samples for luminescence 
measurements. This would allow for the luminescent properties of the host glass to be better 
studied.  
Results from this work have been prepared for publication and are in the process of 
being submitted to the Journal of Non-Crystalline Solids. Two additional papers for similar 
projects not presented in this work have been accepted for publication. Citations for these 
works can be found in Appendix D. 
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APPENDICES 
Appendix A 
Additional Tables of Information 
Table A.1 Neutron absorption cross section of selected elements89  
Element Mass Number Natural Abundance 
(%) 
Absorption cross 
section (barn) 
Li 6 7.5 940 
 7 92.5 0.0454 
Na 23 100 0.530 
B 10 20.0 3835 
 11 80.0 0.0055 
Si 28 92.23 0.177 
 29 4.67 0.101 
 30 3.10 0.107 
P 31 100 0.172 
Ge 70 20.5 3.0 
 72 27.4 0.8 
 73 7.8 15.1 
 74 36.5 0.4 
 76 7.8 0.16 
 
Table A.2 Selected Gladstone-Dale refractive coefficients90  
Oxide k Oxide k 
Li2O 0.31 Ce2O3 0.14 
Na2O 0.18 Bi2O3 0.15 
BaO 0.12 SiO2 0.26 
B2O3 0.22 PbO 0.13 
Al2O3 0.20 P2O5 0.18 
Ga2O3 0.17 WO3 0.15 
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Table A.3 Types of luminescence 
NAME MECHANISM OF LUMINESCENCE 
Photoluminescence UV or Visible photons 
 
Radioluminescence X-ray photons 
 
Cathodoluminescence Electrons 
 
Electroluminescence Electric voltage 
 
Chemiluminescence  
 
Chemical reaction 
 
Bioluminescence Biochemical reaction 
 
Thermoluminescence Heating, due to stimulation of 
luminescence from a different mode of 
excitation 
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Appendix B 
Additional Figures 
 
 
Figure B.1 Dieke Diagram53 
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Appendix C 
Additional Calculations 
Sample Batch Calculation: 
Borosilicate glass #1 
First write out the reaction with starting batch materials on left, final glass composition on 
right along with waste products.  
 
𝐻3𝐵𝑂3 + 𝐿𝑖2𝐶𝑂3 + 𝑆𝑖𝑂2 + 𝐴𝑙2𝑂3 + 𝐶𝑒𝐶𝑙3 → 𝐻2𝑂 + 𝐶𝑂2 + 𝐶𝑙2 +                       
                                                        . 𝟕𝟎𝑩𝟐𝑶𝟑−. 𝟐𝟎𝑳𝒊𝟐𝑶−. 𝟎𝟖𝑺𝒊𝑶𝟐 −. 𝟎𝟏𝑨𝒍𝟐𝑶𝟑−. 𝟎𝟏𝑪𝒆𝟐𝑶𝟑 
 
Balance the reaction 
 
1.4𝐻3𝐵𝑂3 + 0.2𝐿𝑖2𝐶𝑂3 + 0.08𝑆𝑖𝑂2 + 0.01𝐴𝑙2𝑂3 + 0.02𝐶𝑒𝐶𝑙3        
→ 2.1𝐻2𝑂 + 0.2𝐶𝑂2 + 0.03𝐶𝑙2 +  
                      𝟎 . 𝟕𝑩𝟐𝑶𝟑 − 𝟎. 𝟐𝑳𝒊𝟐𝑶 − 𝟎. 𝟎𝟖𝑺𝒊𝑶𝟐 − 𝟎. 𝟎𝟏𝑨𝒍𝟐𝑶𝟑 − 𝟎. 𝟎𝟏𝑪𝒆𝟐𝑶𝟑 
 
Using molecular weights calculate grams of each component 
Compound Molecular weight Moles present Grams 
H3BO3 61.83 1.4 86.56 
Li2CO3 73.89 0.2 14.78 
SiO2 60.08 0.08 4.81 
Al2O3 101.96 0.01 1.02 
CeCl3 246.47 0.02 4.93 
Total   112.1 
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Compound Molecular weight Moles present Grams 
B2O3 69.62 0.7 48.73 
Li2O 29.88 0.2 5.98 
SiO2 60.08 0.08 4.81 
Al2O3 101.96 0.01 1.02 
Ce2O3 328.23 0.01 3.28 
H2O 18.02 2.1 37.83 
CO2 44.01 0.2 8.8 
Cl2 70.9 0.03 2.13 
Total   112.58 
 
From here the amount of each starting material needed can be calculated by dividing the 
grams of the compound by the total grams and then multiplied by the desired batch size. The 
expected weight loss can also be calculated by the same method on the products side of the 
equation. The total grams for the reactants and products do not match up due to the 
transformation from CeCl3 → Ce2O3, the excess oxygen comes from atmosphere is not taken 
into account in batch calculations. 
Sample Gladstone-Dale calculation: 
Borosilicate glass #1 
 
Composition (mol %): 70B2O3-20Li2O-8SiO2-1Al2O3-1Ce2O3 
Convert to wt %: 76.36B2O3-9.36Li2O-7.53SiO2-1.6Al2O3-5.14Ce2O3 
 
Plug into equation: 
 
ρ – measured density 
pi – wt fraction from composition 
ki – refractive coefficient from Table A.2 
n = 1 + ρ ∑ piki 
n = 1 + 2.22(76.36 ∗ 0.22 + 9.36 ∗ 0.31 + 7.53 ∗ 0.21 + 1.6 ∗ 0.20 + 5.14 ∗ 0.14) 
n = 1.5 
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Appendix D 
Publications 
1. A neutron detector based on boron-10 enriched scintillating glasses 
D. Vu, M. Dettmann, V. Herrig, L.G. Jacobsohn, M.W. Kielty, J. Wetzel, Y. Onel, 
and U. Akgun Additive Manufacturing and Strategic Technologies in Advanced 
Ceramics, Ceramic Transactions vol. 258, 59-68 (2016) 
 
2. High-Density Scintillating Glasses For A Proton Imaging Detector 
I. Tillman, M. Dettmann, V. Herrig, Z. Thune, A. Zieser, S. Michalek, M. Been, H. 
Koster, C. Wilkinson, M. W. Kielty, L. Jacobsohn, and U. Akgun 
Accepted for publication in Optical Materials (2016) 
 
3. Investigation of Ce3+ luminescence in borate-rich borosilicate glasses 
M.W. Kielty, M. Dettmann, V. Herrig, A.A Trofimov, S.A. Feller, U. Akgun, and 
L.G. Jacobsohn 
In preparation - to be submitted to Journal of Non-Crystalline Solids 
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